Introduction {#s1}
============

In many animal cells, Ca^2+^ release-activated Ca^2+^ (CRAC) channels function as a major route of Ca^2+^ entry to mobilize cellular Ca^2+^ elevations following stimulation of G-protein--coupled or tyrosine kinase receptors. Endowed with several distinguishing biophysical features including exquisite Ca^2+^ selectivity and a low unitary conductance ([@bib45]), canonical CRAC channels are assembled from two proteins: Orai1, the pore-forming subunit, and STIM1, the endoplasmic reticulum Ca^2+^ sensor and CRAC channel activator ([@bib45]). STIM1 senses changes in the ER luminal Ca^2+^ concentration, and in response to depletion of ER stores, accumulates at the ER--plasma membrane junctions, where it binds to and gates Orai1 channels. The ensuing Ca^2+^ entry mediates many critical effector functions, including gene transcription, motility, and cell proliferation ([@bib45]). Genetic studies have shown that patients with loss-of-function (LOF) or gain-of-function (GOF) mutations in STIM1 or Orai1 suffer from life-threatening immunodeficiencies, autoimmunity, coagulation defects, and muscle weakness ([@bib11], [@bib12]; [@bib28]; [@bib45]), underscoring the importance of CRAC channels for human health. As a result, CRAC channels have emerged as potential targets for the treatment of chronic inflammation, autoimmunity, and related diseases.

Since the discovery of the Orai proteins as pore-forming subunits of CRAC channels in 2006, a great deal of effort has been directed toward understanding the pore opening mechanism. The crystallographic structure of *Drosophila melanogaster* Orai (dOrai) solved several years ago indicates the channel is a hexamer ([@bib20]). The transmembrane domains (TMs) of each Orai1 subunit are arranged in concentric rings around a centrally located pore formed by six TM1 helices, and TMs 2 and 3 forming a tightly interlocked ring between TM1 and the outermost TM4 helices. Recent studies using state-dependent accessibility analysis of F99 and molecular dynamics simulations have found that pore opening is triggered by the release of a hydrophobic gate formed by two rings of pore-lining hydrophobic residues, F99 and V102. These residues block the passage of ions in the pore by favoring the dry or dewetted state of the gate. Opening of this gate is mediated by small (∼20°) rotation (or twisting) and concomitant dilation of the pore helices resulting in movement of the bulky F99 side chains away from the pore lumen ([@bib49]; [@bib51]; [@bib3]; [@bib9]). This model is supported by several observations: (1) mutations that lower the hydrophobicity of V102 or F99 lead to constitutively permeant channels and increased pore hydration ([@bib33]; [@bib7]; [@bib49]), (2) accessibility of a cysteine residue introduced at F99 to pore-applied thiol reagents (Cd^2+^) is seen only in STIM1-free but not STIM1-bound channels ([@bib49]), and (3), MD simulations of constitutively active Orai1 variants at the H134 locus show discrete pore helix rotations (∼15--20°) accompanied by a small amount of pore dilation (∼2 Å in diameter) at F99 ([@bib51]; [@bib3]). Because these conformational changes at the hydrophobic gate would also be expected to change the arrangement of E106 residues forming the nearby Ca^2+^ selectivity filter, this gating mechanism also explains the covariation of ion selectivity and STIM1-mediated channel gating in CRAC channels ([@bib33]; [@bib50]).

Yet, the story is not so simple. In addition to the outer hydrophobic gate described above, several reports have suggested that the CRAC channel pore also harbors a putative second gate, located at the cytoplasmic end of the pore ([@bib52]; [@bib20]; [@bib16]). This idea has its roots in a peculiar feature of the CRAC channel, three rings of positively charged residues formed by R91, K87, and R83 located in the TM1 extension helix, which collectively present a cluster of 18 positive charges in the inner pore. The presence of positive charges in the pore is an unusual feature for cationic channels and has fueled speculations that these charges repel Ca^2+^ ions to impede ion flow in the closed state, in effect functioning as an inner channel gate ([@bib52]; [@bib20]). However, the mechanism through which these residues regulate gating remains unclear. One study has suggested that the basic residues could regulate gating via pore blockade mediated by a bound anion plug, which is released via dilation of the inner pore helices during channel opening ([@bib20]). A second study suggests that the R91 gate opens during channel activation by twisting of its side chain through a hydrogen bond interaction with S90 of the neighboring subunit ([@bib16]). Yet another study has postulated that the hub of positive charges promotes cation permeation via an anion-assisted mechanism ([@bib8]). Finally, two recent structural studies have found that the inner pore of the constitutively active H206A and P288L mutant channels (corresponding to H134A and P245L in hOrai1) is considerably wider than that of the closed dOrai crystal structure, leading them to conclude that inner pore widening is a key conformational change associated with pore opening ([@bib21]; [@bib30]). However, given the low resolution (\<5 Å) of these structures, especially in the pore helices, it was impossible to draw conclusions regarding the orientation or conformation of pore-lining side chains from these studies. Thus, the exact mechanism by which the basic charges regulate pore opening and ion conduction remains elusive.

In this study, we address the role of the inner pore basic residues in Orai1 channel gating using a combination of experimental and computational approaches. Our results suggest that the inner pore basic residues do not function as a channel gate controlling ion movement in the CRAC channel pore. Instead, the basic residues appear to be required for an entirely different role, tuning the level of pore hydration at the hydrophobic gate to permit opening and closing of the channel. This long-range effect of the basic residues promotes pore opening and represents a novel mode of regulating ion channel gating.

Materials and methods {#s2}
=====================

Cells {#s3}
-----

HEK293 cells were maintained in suspension at 37°C with 5% CO~2~ in CD293 medium supplemented with 4 mM GlutaMAX (Gibco). For imaging and electrophysiology, cells were plated onto poly-L-lysine--coated coverslips 1 d before transfection and grown in a medium containing 44% Dulbecco\'s Modified Eagle Medium (Corning), 44% Ham's F12 (Corning), 10% fetal bovine serum (HyClone), 2 mM glutamine (Gln), 50 U/ml penicillin, and 50 µg/ml streptomycin.

Plasmids and transfections {#s4}
--------------------------

The Orai1 mutants employed for electrophysiology were engineered into either the previously described pEYFP-N1 vector (Clontech) to produce C-terminally tagged Orai1-YFP proteins. mCherry-STIM1 was a kind gift of R. Lewis (Stanford University, Stanford, CA). All mutants were generated by the QuikChange Mutagenesis kit (Agilent Technologies), and the mutations were confirmed by DNA sequencing. For electrophysiology, the indicated Orai1 constructs were transfected into HEK293 cells either alone (200 ng DNA per coverslip) or together with STIM1 (100 ng Orai1 and 500 ng STIM1 DNA per coverslip). For confocal microscopy, cells were transfected with Orai1-YFP (200 ng DNA per coverslip). All transfections were performed using Lipofectamine 2000 (Thermo Fisher Scientific) 24--48 h before electrophysiology or imaging experiments.

Solutions and chemicals {#s5}
-----------------------

The standard extracellular Ringer's solution used for electrophysiological experiments contained 130 mM NaCl, 4.5 mM KCl, 20 mM CaCl~2~, 10 mM tetraethylammonium chloride, 10 mM D-glucose, and 5 mM HEPES, pH 7.4 with NaOH. For the confocal imaging studies, the Ringer's solution contained 2 mM CaCl~2~ and 150 mM NaCl with the other components as above. The divalent-free solution Ringer's solution contained 150 mM NaCl, 10 mM HEDTA, 1 mM EDTA, 10 mM tetraethylammonium chloride, and 5 mM HEPES, pH 7.4. The internal pipette solution contained 135 mM Cs aspartate, 8 mM MgCl~2~, 8 mM Cs-BAPTA, and 10 mM HEPES, pH 7.2 with CsOH. Stock solutions of Bis(2-mercaptoethylsulfone) and diamide were prepared by dissolving reagents in water and DMSO, respectively, and stored at −20°C. For final administration, these reagents were prepared immediately before use during the patch-clamp experiment by thawing the stock solutions and resuspending the reagents in ice-cold extracellular solutions. Solutions and drugs were applied using a multibarrel perfusion pipette.

Electrophysiology {#s6}
-----------------

Currents were recorded in the standard whole-cell configuration at room temperature on an Axopatch 200B amplifier (Molecular Devices) interfaced to an ITC-18 input/output board (Instrutech). Single polygonal-shaped cells were chosen for patching. Routines developed by R. S. Lewis (Stanford University) on the Igor Pro software (Wavemetrics) were employed for stimulation, data acquisition, and analysis. Data are corrected for the liquid junction potential of the pipette solution relative to Ringer's in the bath (10 mV). The holding potential was +30 mV. The standard voltage stimulus consisted of a 100-ms step to --100 mV followed by a 100-ms ramp from --100 to +100 mV applied at 1-s intervals. CRAC current (I~CRAC~) was typically activated by passive depletion of ER Ca^2+^ stores by intracellular dialysis of 8 mM BAPTA. All currents were acquired at 5 kHz and low-pass filtered with a 1 kHz Bessel filter built into the amplifier. All data were corrected for leak currents collected in 100--200 µM LaCl~3~.

Data analysis of electrophysiology results {#s7}
------------------------------------------

Analysis of current amplitudes was performed by measuring the peak currents during the 100-ms pulse to −100 mV. For the bar graphs shown in the paper, current amplitudes were determined by averaging the maximal current densities in each cell following passive activation of CRAC currents in response to intracellular dialysis of BAPTA (maximal current is reached typically 300--400 s following whole-cell break-in). Fractional blockade of CRAC current by Cd^2+^ was quantified as blockade = (1 − I~b~ / I~Ctrl~), where I~b~ is the Orai1 current in the presence of Cd^2+^, and I~Ctrl~ is the Orai1 current before application of the blocker. Statistical comparisons were performed using unpaired *t* tests as indicated.

Confocal microscopy {#s8}
-------------------

HEK293 cells expressing various Orai1-YFP mutants were imaged on an Andor XDI Revolution spinning-disk confocal microscope equipped with a 100× oil immersion objective. Fluorophores were excited with 515 nm (YFP) laser diodes with the intensity of laser light attenuated to 20--40%. Images were obtained at 512 × 512 pixels at an exposure of 200--500 ms per frame and a slice thickness of 0.8 µm. Images analysis was performed using ImageJ software (National Institutes of Health).

MD simulations {#s9}
--------------

Molecular models were constructed based on the crystal structure of the dOrai channel (PDB accession no. [4HKR](4HKR); [@bib20]) using methods previously described ([@bib51]). Briefly, system preparation was performed using the CHARMM-GUI membrane builder ([@bib22]). Missing residues of the M1-M2 loop (amino acids 181--190) and the M2-M3 loop (amino acids 220--235) were modeled de novo using MODELLER ([@bib15]). The C terminus was truncated at residue 329 for all chains, and the N and C termini were acetylated and amidated, respectively. The protein was embedded within a hydrated 1-palmitoyl,2-oleoyl-sn-glycero-3-phosphocholine bilayer with 150 mM NaCl to obtain a hexagonal cell with box dimensions 10.42 × 10.42 × 12.65 nm^3^. Pore water molecules were not modeled. The simulation cell consisted of ∼112,000 atoms. Single point mutations were made using CHARMM-GUI to create the V174A, 3S (R155S/K159S/R163S, R155S/K159S/R163S/V174A, R155S/K159S/R163S/W148A), 2S (K159S/K163S, K159S/K163S/V174A), K163W, and K163W/V174A systems. The CHARMM36 force field was used for proteins ([@bib31]; [@bib2]), ions, and lipids ([@bib26]) along with the TIP3P water model ([@bib23]).

All simulations were performed using GROMACS 2016.3 ([@bib1]) without modification of the CHARMM-GUI output parameters (with the exception of additional equilibration steps and extended production simulation length). Lennard--Jones interactions were cut off at 1.2 nm, and a force-based switching function with a range of 1.0 nm was used. Electrostatic interactions were calculated using particle-mesh Ewald ([@bib4]; [@bib10]) with a real-space cut-off distance of 1.2 nm. Nonbonded interactions were calculated using Verlet neighbor lists ([@bib47]; [@bib41]). All simulations were performed at constant temperature (323.15 K) and pressure (1 atm) using the Nosé--Hoover thermostat ([@bib38]; [@bib19]) with temperature coupling of 1.0 ps and the Parrinello--Rahman barostat ([@bib43]; [@bib39]) with a time constant of 5.0 ps, respectively. All hydrogen bonds were constrained using the LINCS algorithm ([@bib18]). The integration time step was 2 fs. All systems followed the standard energy minimization and six-step equilibration procedure of CHARMM-GUI ([@bib22]), followed by two successive 10-ns protein-restrained simulations conducted in the NPT ensemble. In these equilibration steps, quadratic position restraints were applied first to all main-chain backbone atoms and then Cα atoms, with a force constant of 1,000 kJ mol^−1^ nm^−2^. 20 simulation repeats were created for WT, V174A, 3S, and 3S/V174A systems, 10 simulation repeats were created for the 3S/W148A, K163W, and K163W/V174A systems, and 30 simulation repeats were created for both 2S systems, where all repeats had randomized initial velocities for production simulations. Production simulations were conducted for 400--500 ns for all simulation repeats for an aggregate total of 83.457 µs.

Prior to analysis, all simulation frames were rotated such that the principal axis formed by TM1 helix Cα atoms was aligned to the box vector z. Analysis was performed on all simulation frames at 1.0-ns intervals after removing the first 100 ns of data from each simulation repeat, with the exception of HOLE analysis ([@bib46]), which was performed on all simulation frames at 20.0-ns intervals after removing the first 100 ns of data. All axial coordinates were measured with respect to the center of mass of the pore helix Cα atoms (residues 141--174). Axial histograms of water oxygen atoms, Na^+^ and Cl^−^, were computed within a 1-nm-radius cylinder centered at the pore center of mass. The average radius of the pore at position F171 was measured by computing the distance between the center of mass of the pore in the x--y plane and the average position of C-α atoms of residues 167--175 for each subunit and averaging over all subunits. The number of water molecules in the hydrophobic stretch was computed using the z-axis boundaries defined by Yeung et al. (10--25 Å; [@bib51]). Error bars were computed using SEM over all simulation repeats. In the results section, the mean average F171 Cα rotation was reported with respect to the crystallographic orientation of the F171 side-chain in our coordinate system (30.636°, PDB accession no. [4HKR](4HKR)). Statistical analysis was performed to test the hypothesis that the distribution of mean radial angles in the WT dataset and alternative mutants have the same mean value. For our significance test, the average radial angle at position F171 was extracted from each of the six subunits for all simulation repeats after 100 ns of equilibration was removed from the start of each trajectory. These values were compared with the same set of values in the WT system for all mutant systems, resulting in (238, 238, 238, 298, 298, 178, 178, and 178) degrees of freedom for our statistical test for each system (V174A, 3S, 3S/V174A, 3S/W148A, 2S, 2S/V174A, K163W, and K163W/V174A), respectively. The P values from a two-sided Welch's *t* test for each system (2.0 × 10^−16^, 2.5 × 10^−2^, 2.2 × 10^−3^, 2.1 × 10^−1^, 1.5 × 10^−10^, 7.9 × 10^−1^, 4.7 × 10^−2^, 1.7 × 10^−2^, 1.0 × 10^−3^) indicate that the differences between the mean of these distributions with respect to WT simulations are significant (P \< 0.05), with two exceptions. The 3S/W148A mutant may require additional simulation repeats, and the 2S/V174A mutation is a system where we expect that V174A may restore pore helix rotation back to the levels observed in WT simulations.

Online supplemental material {#s10}
----------------------------

[Fig. S1](#figS1){ref-type="fig"} shows functional analysis of inner pore cysteine mutants including current amplitudes and blockade by Cd^2+^. [Fig. S2](#figS2){ref-type="fig"} shows loss of function phenotypes of the inner pore Ala and Ser mutants. [Fig. S3](#figS3){ref-type="fig"} shows functional characterization of the W76S and W76A mutants in the 3S background and molecular dynamics simulations showing that the addition of W76A (W148A in dOrai) does not rescue dehydration of the hydrophobic gate caused by the 3S mutation.

![**Functional analysis of inner pore Cys mutants. (A and B)** The R83C and K87C mutant channels are closed in the absence of STIM1, but readily activated by STIM1. **(C)** Summary of the peak current amplitudes of R83C and K87C Orai1 mutants in the absence and presence of STIM1 in HEK293 cells. Values are mean ± SEM (*n* = 6). **(D and E)** Blockade of I~CRAC~ in STIM1-gated WT and R91C Orai1 channels by 5 µM Cd^2+^. Arrowheads indicate time points where current amplitudes were measures before and after Cd^2+^ application. **(F)** Summary of Cd^2+^ inhibition of WT (*n* = 8) and R91C (*n* = 6) Orai1 channels. Values are mean ± SEM (\*, P \< 0.05; Student's *t* test).](JGP_201912397_FigS1){#figS1}

![**The LOF phenotype of the inner pore mutant. (A and B)** Neutralizing the inner pore basic residues R83, K87, and R91 to Ala (R83A/K87A/R91A) results in nonfunctional Orai1 channels. Likewise, mutation of the inner pore residues Y80, R83, and K87 to Ser (Y80S/R83S/K87S) abrogates STIM1-mediated channel activation (*n* = 6 cells per condition).](JGP_201912397_FigS2){#figS2}

![**W76 does not contribute to the loss of Orai1 gating in the 2S/3S mutants. (A)** A cartoon showing a bottom view of the positions of W148 (W76 in hOrai1) in the dOrai crystal structure. **(B and C)** Removing the hydrophobic barrier at W76 by mutating this residue to Ala (W76A) or Ser (W76S) does not rescue the LOF phenotype of the R83S/K87S/R91S(3S) mutant. **(D)** Summary of the peak current amplitudes of WT and W76 Orai1 mutants channels in the presence of STIM1. Values are mean ± SEM (*n* = 6; \*, P \< 0.05, Student's *t* test). **(E)** Top: Molecular rendering of a snapshot from MD simulations of R155S/K159S/K163S/W148A as viewed from the top. Bottom: Pairs of diagonal subunits viewed from the side. Na^+^ and Cl^−^ are depicted as red and cyan spheres, respectively. **(F)** Probability distributions of protein Cα atoms for pore-lining residues along the pore axis (z), averaged over all subunits for all simulation repeats. **(G and H)** Relative probability distribution of water oxygen atoms, Na^+^ (H), and Cl^−^ ions along the pore axis (z), normalized with respect to bulk water. **(I)** Average pore radius computed using HOLE (*R*). **(J)** Probability distribution of the radial angle of residue 171 (*α*), defined as the angle between the pore axis, the center of mass of the two helical turns centered at residue 171, and the Cα atom of residue 171. The mean and standard error of mean of these distributions across all simulation repeats in degrees is 48 ± 1° for WT, 40 ± 1° for R155S/K159S/K163S, and 42 ± 1° for R155S/K159S/K163S/W148A. **(K)** The mean pore radius at position F171 (*r*, axial position ∼19 Å) and the number of water molecules in the hydrophobic stretch (*N*~wat~, axial positions 10--25 Å).](JGP_201912397_FigS3){#figS3}

Results {#s11}
=======

Previous studies have suggested that the cationic residues ([Fig. 1 A](#fig1){ref-type="fig"}) facing the ion permeation pathway, and R91 in particular, control Orai1 gating by repelling Ca^2+^ ions or binding Cl^−^ ions to create an anion plug that blocks conduction in closed channels ([@bib52]; [@bib20]; [@bib16]). Channel activation was suggested to occur due to displacement of R91 away from the pore axis, which presumably would lower an electrostatic energy barrier presented by this residue, or via dilation of the inner pore, leading to release of the anion plug ([@bib52]; [@bib20]; [@bib16]). These gating models make specific predictions regarding the consequences of charge neutralization mutations on closed channel stability and channel opening, which we tested as described below.

![**R91 is unlikely to function as an Orai1 channel gate. (A)** A side view of the dOrai crystal structure (PDB accession no. [4HKR](4HKR)) showing two pore helices and the key pore residues. Amino acid numbers corresponding to human Orai1 are shown in parentheses. **(B and C)** Analysis of R91X mutants. The graphs show current densities of R91X mutants in the absence and presence of STIM1 plotted against hydrophobicity of the introduced amino acid. Each point represents the mean of 6--9 cells. **(D)** Introduction of a Trp residue at any pore-lining position blocks channel activity. Current densities of the indicated Trp pore mutants were measured in the presence of STIM1. **(E)** S90A and S90G Orai1 channels exhibit store-operated gating by STIM1, similar to WT Orai1 channels. Reversal potentials are \>65 mV (WT; *n* = 9), 62 ± 5 mV (S90A; *n* = 6), and 50 ± 3 mV (S90G; *n* = 6). The inset shows current-voltage relationships (I--Vs) obtained at the time point indicated by the arrowhead. **(F)** The oxidizing agent, diamide (200 µM), inhibits currents in R91C Orai1 channels, which are readily reversed by the reducing agent, Bis(2-mercaptoethylsulfone; BMS). I-V relationships obtained at the time points indicated by the arrowheads are shown in the inset. **(G)** Summary of diamide inhibition in WT and R91C channels. Values are mean ± SEM (\*, P \< 0.05, Student\'s *t* test).](JGP_201912397_Fig1){#fig1}

Mutations of the basic residues do not destabilize the closed channel state {#s12}
---------------------------------------------------------------------------

First, we assessed the consequences of destroying the potential R91 gate for channel function. If R91 functions as an electrostatic barrier to impede cation flow in closed channels ([@bib52]; [@bib16]), one would expect that mutations lowering the electrostatic barrier at R91 may destabilize the closed channel state to promote pore opening. Such an effect may be analogous to constitutive channel activation elicited by mutations in the V102-F99 hydrophobic gate, which lower the free energy for hydration to yield constitutively permeant Orai1 channels ([@bib33]; [@bib7]; [@bib49]). However, mutations of R91 to various uncharged polar residues did not evoke constitutive channel activation ([Fig. 1 B](#fig1){ref-type="fig"}). For example, R91A remained closed in the absence of STIM1, but could be gated by coexpressing STIM1. Even substitutions to negatively charged residues (R91D/E) failed to yield constitutive Orai1 currents, and yet, these mutants could be readily opened by STIM1 and exhibited functional properties including current amplitudes, current--voltage (I--V) relationships, and reversal potentials (V~rev~) comparable to WT Orai1 channels gated by STIM1 ([Fig. 1, B and C](#fig1){ref-type="fig"}). Similarly, R83C and K87C were closed in the absence of STIM1 but could be readily activated by STIM1 ([Fig. S1, A--C](#figS1){ref-type="fig"}). As previously shown by [@bib5], nonpolar amino acids at R91 caused loss of gating ([Fig. 1 C](#fig1){ref-type="fig"}), indicating a strict requirement for the presence of polar amino acids at this locus for channel activation. Together, these results indicate that removal of the putative electrostatic inner gate at R91, K87, and R83 does not evoke constitutive ion conduction in resting Orai1 channels, nor does it prevent STIM1-mediated channel activation.

An argument in favor of the idea that R91 functions as an inner gate has come from observations showing that the human mutation, R91W, produces nonconducting Orai1 channels due to the formation of a hydrophobic plug at the base of TM1 ([@bib52]). Steric occlusion of ion flux by Trp at this locus has been used to support the idea that the native R91 side-chains could similarly occlude ion conduction in unliganded WT Orai1 channels ([@bib52]; [@bib20]). However, as shown ([Fig. 1 D](#fig1){ref-type="fig"}), introduction of Trp at the other pore-lining positions, V102, G98, and L95, also ablated Orai1 channel activity in the presence of STIM1. Thus, the effect of the Trp mutation at R91 in abrogating channel function is not unique to R91 but occurs at all pore-lining positions, likely due to the narrow Orai1 pore dimensions along the length of TM1.

Disrupting a putative interaction between R91 and S90 does not interfere with Orai1 gating {#s13}
------------------------------------------------------------------------------------------

From the analysis of side-chain fluctuations using MD simulations, a recent study concluded that in the constitutively active Orai1 mutant H134A, R91 side-chains interact with nearby S90 residues from the neighboring subunits ([@bib16]). This interaction was postulated to displace R91 away from the pore and drive pore opening ([@bib16]). A simple prediction from this model is that mutations at S90 that interrupt this interaction should inhibit STIM1-mediated channel gating. We tested this prediction using amino acid substitutions at S90 (S90A and S90G) that preclude hydrogen bond interactions with R91. In the presence of STIM1, neither mutation abolished Orai1 gating, with both variants yielding STIM1-gated currents with amplitudes \>10 pA/pF ([Fig. 1 E](#fig1){ref-type="fig"}). This result is consistent with a previous study showing that the R91A and the S89G/S90G mutants are also effectively activated by STIM1 ([@bib5]), which suggests that rotation or twisting of R91 side chains is not essential for Orai1 activation. Indeed, cysteine accessibility analysis of the R91C mutant indicates that the thiol-reactive reagent, Cd^2+^, can readily block STIM1-activated R91C Orai1 channels ([Fig. S1, D--F](#figS1){ref-type="fig"}; [@bib32]). Similarly, as previously demonstrated ([@bib52]), the oxidizing agent diamide rapidly induced channel blockade in R91C Orai1 channels ([Fig. 1, F and G](#fig1){ref-type="fig"}) due to the formation of an intersubunit disulfide bond across the pore. These results indicate that R91C side-chains are readily accessible to pore-applied thiol reagents in the open channel state. Our MD simulations of WT, V174A (hOrai1 V102A), and the GOF H206S (hOrai1 H134S) channels corroborated these experimental results: specifically, the interchain/neighboring chain interactions between K163 (hOrai1 R91) side-chain hydrogen bonds to S162 (hOrai1 S90) were observed in only 0.35 ± 0.21% of frames in WT and 0.49 ± 0.18% of frames in the V174A mutant. Retrospective analysis of previously reported H206S simulations ([@bib51]) further revealed occurrences of K163-S162 interactions in only ∼1% of frames (0.99 ± 0.39%). Taken together, these results indicate that R91C side chains remain pore-facing in the open state and are unlikely to twist away from the pore during pore opening. Considered as a whole, these results suggest that R91 does not stabilize the closed channel state.

Progressively neutralizing the inner pore basic residues results in charge-dependent loss of channel gating {#s14}
-----------------------------------------------------------------------------------------------------------

If R91 and the other basic residues do not directly contribute to stabilizing the closed channel state, what are their roles in ion conduction? To begin to address this question, we progressively neutralized the three basic residues by replacing them either individually or in combinations with Ser, Ala, or Gln.

Removal of the positive charges individually, pairwise, or as a group (R83S/K87S/R91S \[3S\] or R83A/K87A/R91A \[3A\]) did not produce any level of constitutive Orai1 current in the absence of STIM1 ([Fig. 2 A](#fig2){ref-type="fig"}; I = −0.16 ± 0.05 pA/pF for the 3S mutant; I = −0.21 ± 0.07 pA/pF for the 3A mutant, where I is current amplitude), consistent with recent observations ([@bib21]) indicating that the removal of some or even all of the basic charges does not destabilize the closed channel state. More surprisingly, neutralization of the basic residues resulted in loss of Orai1 channel activation when STIM1 was coexpressed, with the removal of all inner pore basic charges (3S or 3A) completely abrogating STIM1-mediated Orai1 currents ([Fig. 2 C](#fig2){ref-type="fig"}; and [Fig. S2 A](#figS2){ref-type="fig"}; see also [@bib21]), indicating that the mutations destabilize the open channel state. The loss of current was not due to impaired protein expression as assessed by Orai1-YFP plasma membrane fluorescence ([Fig. 2 B](#fig2){ref-type="fig"}), signifying that the channels are indeed correctly targeted to the plasma membrane. Interestingly, loss of gating exhibited a curious charge dependence with removal of just two of the three native amino acids (R83S/K87S or K87S/R91S(2S)) producing significantly smaller currents than currents in single R91S, K87S, or R83S substitutions, which in turn were smaller than WT channels ([Fig. 2 C](#fig2){ref-type="fig"}). A Y80S/R83S/K87S triple mutant was also nonfunctional and failed to exhibit activity when coexpressed with STIM1 ([Fig. S2 B](#figS2){ref-type="fig"}). Thus, these results indicate that removal of the inner pore basic residues abrogates normal STIM1-mediated Orai1 gating.

![**Neutralizing the inner pore basic residues results in charge-dependent loss of Orai1 gating. (A)** The 3S mutant (R83S/K87S/R91S) is not constitutively active in the absence of STIM1. The trace shows a representative example from cell expressing R83S/K87S/R91S Orai1-YFP. DVF, divalent-free solution. **(B)** Confocal images of WT, R83S/K87S, and R83S/K87S/R91S (3S) mutants. In all cases, the Orai1 variants were tagged at the C terminus with YFP. Scale bar, 5 µm. **(C)** Summary of current densities of WT or the indicated Ser Orai1 mutants coexpressed with mCherry STIM1 (*n* = 6--9 cells per condition). **(D)** Summary of the current densities of the indicated Orai1 Ser mutants in the GOF H134S background (expressed without STIM1). Insets show I--V relationships. Values are mean ± SEM (*n* = 6--8 per condition; \*, significantly different than WT; P \< 0.05, Student's *t* test).](JGP_201912397_Fig2){#fig2}

It has been recently shown that several mutations at H134 evoke constitutively active Orai1 channels with permeation properties resembling STIM1-gated channels ([@bib16]; [@bib51]). In particular, the H134S variant evokes robust Orai1 channel activation through the release of a steric brake at the TM1-TM2/3 ring interface ([@bib51]) to open the gate and provides a useful tool to examine Orai1 gating in the absence of STIM1. Do the basic residues also affect H134S-mediated constitutive activation? We tested this by introducing the H134S mutation in the single, double, and triple inner pore basic residue mutants. Neutralizing the inner pore basic residues resulted in the loss of channel activity in the constitutively active H134S mutant channel with a charge dependence resembling of the loss of gating seen in STIM1-gated channels ([Fig. 2 D](#fig2){ref-type="fig"}). In fact, in the H134S background, removal of just one of the three basic residues was sufficient to decrease the H134S currents by \>80%, and removing two of the three basic residues abolished most of the H134S current. This result demonstrates that gating of the constitutively active H134S Orai1 channels is even more sensitive to the loss of the inner pore positive charges than STIM1-gated channels ([Fig. 2, C and D](#fig2){ref-type="fig"}). Taken together, these results support the hypothesis that the basic inner pore residues are essential for channel activation both by STIM1 and by the H134S GOF mutation.

Molecular simulations indicate that the basic pore residues promote opening of the outer hydrophobic gate {#s15}
---------------------------------------------------------------------------------------------------------

Loss of channel function in the 3S and 2S mutants could arise from many factors, including impairment in the opening of the outer channel gate, changes in ion permeation, or the closure of the pore for other unknown reasons. To address these possibilities, we performed MD simulations using the available dOrai crystal structure (PDB accession no. [4HKR](4HKR)) and quantified the effect of mutations of the basic charges on pore structure and hydration. We simulated the WT, V174A (corresponding to V102A in hOrai1), R155S/K159S/K163S (corresponding to the 3S hOrai1 mutant), and K159S/K163S (corresponding to the 2S hOrai1 mutant). As previously shown ([@bib7]; [@bib49]; [@bib51]; [@bib3]), simulations in WT channels revealed low but measurable levels of hydration throughout the pore, including in the hydrophobic stretch encompassing F171 and V174 (F99-V102 in hOrai1; [Fig. 3 C](#fig3){ref-type="fig"}). Moreover, the pore helices of WT and V174A dOrai displayed spontaneous counterclockwise rotations, with the average angular position of F171 shifted by 17 ± 1° and 23 ± 1°, respectively, relative to the crystallographic dOrai structure ([Fig. 3 F](#fig3){ref-type="fig"}). The pore radius of the conducting V174A channels was also wider ([Fig. 3 E](#fig3){ref-type="fig"}). These thermal fluctuations are similar to the conformations for WT and constitutively conducting Orai channels previously described by us and others ([@bib49]; [@bib3]; [@bib9]).

![**Molecular dynamics simulations indicate that interactions in the basic region are correlated with pore hydration of the hydrophobic gate and the conformation of the F99 residue. (A)** Top: Molecular renderings of snapshots from MD simulations of WT (gray), K159S/K163S (blue), R155S/K159S/K163S (red), and R155S/K159S/K163S/V174A (aqua) as viewed from the top. Bottom: Pairs of diagonal subunits viewed from the side. Na^+^ and Cl^−^ are depicted as red and cyan spheres, respectively. **(B)** Probability distributions of protein Cα atoms for pore-lining residues along the pore axis (z), averaged over all subunits for all simulation repeats. The residue numbering corresponding to human Orai1 are shown in brown. Data in A--I were computed from simulations of WT (black), V174A (green), K159S/K163S (blue), K159S/K163S/V174A (yellow), R155S/K159S/K163S (red), and R155S/K159S/K163S/V174A (aqua) mutant channels. **(C and D)** Relative probability distribution of water oxygen atoms (C), Na^+^, and Cl^−^ ions (D) along the pore axis (z), normalized with respect to bulk water. All probability distributions are quantified with arbitrary units (a.u.). **(E)** Average pore radius computed using HOLE (*R*). **(F)** Probability distribution of the radial angle of residue 171 (*α*), defined as the angle between the pore axis, the center of mass of the two helical turns centered at residue 171, and the Cα atom of residue 171. The mean and standard error of mean of these distributions across all simulation repeats in degrees is 48 ± 1° for WT; 54 ± 1° for V174A; 40 ± 1° for K159S/K163S; 50 ± 1° for K159S/K163S/V174A; 40 ± 1° for R155S/K159S/K163S; and 48 ± 1° for R155S/K159S/K163S/V174A. The radial angle in the crystallographic structure (*α* = 31°) is shown as a black vertical bar for reference. **(G--I)** The mean pore radius at position F171 (*r*, axial position ∼19 Å) and the number of water molecules in the hydrophobic stretch (*N*~wat~, axial positions 10--25 Å). Each point represents a single snapshot of our simulation analysis. (Pearson correlation of 0.62 across all datasets.)](JGP_201912397_Fig3){#fig3}

Analysis of the 2S and 3S mutants revealed several striking differences in pore hydration and the configuration of the pore helices compared with WT channels ([Fig. 3](#fig3){ref-type="fig"}). First, both mutants showed significant decreases in pore hydration, which was particularly prominent at two positions: (1) at the outer end of the pore around the hydrophobic gate region encompassing the F171-V174 channel gate (axial position 12--30 Å, gray-shaded area in [Fig. 3 C](#fig3){ref-type="fig"}), and (2) at the cytoplasmic end of the inner pore, at position W76. Second, the amplitude of the spontaneous (thermal) fluctuations in TM1 that evoke pore helix rotation and displacement of F171 side chains away from the pore were dramatically reduced, with an average F171 Cα rotation of only 9 ± 1° in the 3S mutant compared with 18 ± 1° in WT channels ([Fig. 3 F](#fig3){ref-type="fig"}). As a consequence, F171 residues were oriented in a pore-facing (closed) configuration to a greater extent in the 3S (and 2S) mutants compared with WT or constitutively permeant V174A channels ([Fig. 3, A and F](#fig3){ref-type="fig"}). Third, examination of the pore geometry indicated that both 3S and 2S were significantly narrower compared with WT channels, with constriction apparent in particular at the hydrophobic gate ([Fig. 3 E](#fig3){ref-type="fig"}). Note that because the Ser side chains are smaller than the endogenous Arg and Lys side chains, HOLE analysis gives the mistaken sense that the pore is dilated at the positions of these residues. However, examination of the helical positions (using center of mass of each TM1) indicates that the helical backbones are in fact more closely packed in the 2S/3S mutants ([Fig. 3, G--I](#fig3){ref-type="fig"}). Further, a plot of the TM1 pore radius against the number of water molecules in the hydrophobic stretch shows that the narrowing of the pore is correlated with loss of hydration at the hydrophobic gate ([Fig. 3, G--I](#fig3){ref-type="fig"}). We have previously observed that the extent of pore dilation in the hydrophobic gate region is correlated with the "openness" of GOF mutants ([@bib51]). Thus, the narrowing of the pore in the 2S and 3S mutants suggests that these mutants are locked into a closed configuration. And fourth, removal of the Cl^−^ binding sites in the inner pore (and therefore the presumptive chloride ion plug) did not appear to directly promote metrics of pore opening (pore hydration and displacement of F171 gate residues).

These results indicate that the loss of the basic inner pore residues in the 2S/3S mutants dramatically lowers the extent of hydration of the hydrophobic gate and therefore likely increases the free energy barrier for ion conduction through this region, as suggested by previous simulation studies of Orai1 ([@bib7]) and of the Mg^2+^ channel, CorA ([@bib37]). This change is accompanied by stabilization of F99 residues in a pore-facing configuration to close the upper gate. Thus, our simulations suggest that the presence of the basic residues promotes channel opening by favoring the wetted state of the hydrophobic gate through a long-range effect.

Loss of gating in the inner pore mutants is rescued by lowering hydrophobicity at the outer gate {#s16}
------------------------------------------------------------------------------------------------

Dehydration of the hydrophobic gate seen in the 3S and 2S LOF mutants suggests that the free energy barrier for gate opening becomes prohibitively high in these mutants. Can ion conduction in these mutants be rescued if pore hydration is restored by a V102A mutation? Previous studies have shown that V102A/C mutations promote pore hydration and constitutive ion permeation ([@bib33]; [@bib7]; [@bib49]). Therefore, we tested whether introduction of V102A to the 3S and 2S mutations restores channel activity, analogous to the rescue of channel function seen in LOF truncation mutants of the inner pore (e.g., Δ73--85 Orai1; [@bib29]; [@bib42]; [@bib53]; [@bib6]; [@bib34]; [@bib17]).

MD simulations revealed that the addition of V174A to the 3S and 2S mutants dramatically increased pore hydration and restored the water density profile in the hydrophobic gate region close to that seen in the WT channel ([Fig. 3 C](#fig3){ref-type="fig"}). Notably, this effect was limited to the hydrophobic gate region. No change was seen in hydration at the cytoplasmic end of the pore at W76, which remained relatively dehydrated at levels similar to the 2S/3S background levels ([Fig. 3 C](#fig3){ref-type="fig"}). Furthermore, analysis of helix rotation at residue F171 and of pore radius indicated that the addition to V174A to 2S/3S also increased rotational movements of F171 away from the pore axis, with an average F171 Cα rotation angle of 18 ± 1° in the 3S/V174A mutant compared with 9 ± 1° in the 3S channel ([Fig. 3 F](#fig3){ref-type="fig"}). Quantification of the pore geometry in the hydrophobic gate region showed that V174A widened the unusually narrow pore of the 3S and 2S mutants by ∼1 Å ([Fig. 3, E, H, and I](#fig3){ref-type="fig"}). Together, these results indicate that the decrease in hydration and narrowing of the pore at the hydrophobic gate can be reversed by lowering the hydrophobicity of residue 174.

Consistent with the above predictions, electrophysiological analysis of channel activity indicated that addition of V102A to 3S and 2S mutants rescued STIM1-dependent channel activation ([Fig. 4](#fig4){ref-type="fig"}). In cells coexpressing the V102A/3S or V102A/2S mutants with STIM1, whole-cell break-in with BAPTA resulted in slow activation of large CRAC currents as seen in WT channels. Peak I~CRAC~ amplitudes at 300 s following whole-cell break-in were −13 ± 3 (pA/pF) and −34 ± 5 (pA/pF) in the V102A/3S and V102A/2S mutants, respectively ([Fig. 4 C](#fig4){ref-type="fig"}). These STIM1-gated currents were, however, not selective for Ca^2+^, which contrasts with the high Ca^2+^ selectivity of single V102A mutant channels activated by STIM1 ([@bib33]; [Fig. 4 B](#fig4){ref-type="fig"}). Interestingly, unlike the V102A single mutant, neither V102A/3S nor V102A/2S showed large constitutively active Orai1 currents. This suggests that the increase in pore hydration by V102A in these mutants is not sufficient by itself to confer significant ion conduction in the absence of an additional activating signal from STIM1. Rather, the addition of V102A restores gating by reducing the free energy separating open and closed states of the channel by favoring the wetted state of the hydrophobic gate.

![**The V102A mutation rescues STIM1 gating in the nonconducting inner pore serine mutants. (A and B)** The LOF phenotype of the inner pore mutant (R83S/K87S/R91S \[3S\]) can be rescued by adding the V102A substitution, which diminishes outer pore hydrophobicity. The insets show I--Vs obtained at the time points indicated by the arrowheads. **(C)** Summary graph of current densities (I \[pA/pF\]) of R83S/K87S, K87S/R91S (2S), and R83S/K87S/R91S (3S) Orai1 channels in the presence of STIM1 with and without the V102A mutation. Values are mean ± SEM (*n* = 6 or 7 cells per condition; \*, P \< 0.05, Student's *t* test). w/, with; w/o, without.](JGP_201912397_Fig4){#fig4}

Polarity of the basic region also contributes to Orai1 gating {#s17}
-------------------------------------------------------------

One potential issue in the analysis of the 3S and 3A mutations is that although these amino acid side chains are uncharged, they are considerably less polar than the endogenous Arg and Lys residues, raising the possibility that the 3S and 3A mutations could elicit chemical alterations distinct from the desired electrostatic changes. To address this potential issue, we neutralized the basic residues with glutamine, an uncharged yet highly polar amino acid that is similar in size and volume to Arg and Lys. Analysis of the Gln substitutions revealed distinct differences from the properties of the Ser and Ala mutants. Specifically, unlike the single Ser substitutions of R91, K87, or R83, which showed smaller currents than WT Orai1, single Gln substitutions of these residues had essentially no effect, with current amplitudes similar to that of WT Orai1 ([Fig. 5, A and B](#fig5){ref-type="fig"}). Likewise, the R83Q/K91Q, R87Q/R91Q, and the R83Q/K87Q double (2Q) mutants all showed healthy levels of store-operated Orai1 currents (\>16 pA/pF) that were significantly larger than those of the corresponding 2S mutants (compare [Fig. 5, A and B](#fig5){ref-type="fig"}, vs. [Fig. 2 C](#fig2){ref-type="fig"}). Substituting all three basic residues with Gln (producing the R83Q/K87Q/R91Q or 3Q mutant), however, largely eliminated Orai1 current ([Fig. 5, A and B](#fig5){ref-type="fig"}) without affecting trafficking of the mutant protein to the plasma membrane ([Fig. 5 D](#fig5){ref-type="fig"}). As seen for the Ser mutants, substituting the basic residues with Gln in the GOF H134S background attenuated the constitutive activation of H134S ([Fig. 5 C](#fig5){ref-type="fig"}), but again less so than the equivalent Ser substitutions ([Fig. 2 D](#fig2){ref-type="fig"}). When gated by STIM1 as well as by the H134S GOF mutant, the K87Q substitution, however, failed to halt channel activation, which is in sharp contrast to the striking reduction in current in the Ser mutant at this position ([Fig. 2, C and D](#fig2){ref-type="fig"}). Thus, although the phenotypes of the Q mutants are qualitatively similar to that of the Ser mutants, there are distinct quantitative differences in the extent of activation of the single and double Q mutants.

![**The polarity of the basic domain also contributes to Orai1 channel opening. (A)** I--V relationships of Gln Orai1 mutants in 20 mM Ca^2+^ Ringer's solution. **(B and C)** Summary of the peak current amplitudes (I \[pA/pF\]) of WT and Gln Orai1 mutants activated by STIM1 (B), or by the GOF H134S mutant (C). Unlike the equivalent Ser mutants ([Fig. 2 C](#fig2){ref-type="fig"}), the Gln mutants are more strongly activated by STIM1, suggesting that increased polarity of Gln relative to Ser promotes Orai1 channel opening. Note that K87Q/H134S mutation had no detrimental effect on Orai1 current density. Values are mean ± SEM (*n* = 6--9 cells per condition; \*, P \< 0.05, Student's *t* test). **(D)** Expression of the indicated Q mutants in the plasma membrane. Scale bars, 5 µm.](JGP_201912397_Fig5){#fig5}

Taken together, these results suggest that the increased polarity of Gln relative to Ser promotes channel gating. By contrast, substituting the Arg residues at positions 83 and 91 with equivalently charged Lys (R83K/R91K or 3K mutant) did not affect channel function. Currents in the 3K mutant were indistinguishable in amplitude from those in WT channels ([Fig. 6, A and B](#fig6){ref-type="fig"}). However, replacing the basic residues with the negatively charged glutamic acid amino acid resulted in progressive loss of channel function with an increasing number of Glu substitutions ([Fig. 6, C and D](#fig6){ref-type="fig"}). Membrane expression was not noticeably different from that of WT Orai1 channels ([Fig. 6 E](#fig6){ref-type="fig"}), indicating that differences in channel expression do not account for the loss of gating in the Glu mutants. Thus, negatively charged Glu substitutions evoke stronger inhibition of channel function than substitutions to the uncharged but equally polar Gln, likely reflecting additional consequences of the negative electrostatic potential in the former. We conclude that although a key determinant of channel function is the positive charge of the basic domain, the replacement of Arg and Lys by uncharged but strongly polar residues can also significantly boost opening of the hydrophobic gate.

![**Analysis of charge preserving and reversal mutations. (A and B)** Lys substitutions of R91 and R83 do not impair Orai1 activation. Summary of the peak current amplitudes (I \[pA/pF\]) of WT and Lys Orai1 mutants coexpressed with STIM1, or expressed alone in the presence of the GOF H134S mutant. Values are mean ± SEM (*n* = 6--9; \*, P \< 0.05, Student's *t* test). **(C)** By contrast, Glu substitutions resulted in progressive loss of channel function with increasing number of Glu substitutions. The trace shows a representative example from cell expressing R83E/K87E Orai1 with STIM1. **(D)** Summary of the peak current amplitudes (I \[pA/pF\]) of WT and Glu Orai1 mutants coexpressed with STIM1. Values are mean ± SEM (*n* = 6--9; \*, P \< 0.05, Student's *t* test). **(E)** Expression of the indicated K and E mutants in the plasma membrane. Scale bars, 5 µm.](JGP_201912397_Fig6){#fig6}

W76 does not regulate pore opening {#s18}
----------------------------------

As noted above, in addition to the dehydration of the hydrophobic gate, molecular simulations show a significant loss of hydration at the cytoplasmic end of the pore at residue W76 in the 2S/3S mutants. This is interesting as W76 has previously been implicated as a potential gate in a different mode of Orai1 gating involving calcium-dependent inactivation ([@bib35]). Specifically, mutations that remove the bulky hydrophobic side chain of W76 abrogate inactivation ([@bib35]). To test whether the side-chain and hydrophobicity of W76 also regulate channel activation in response to STIM1, we tested the W76A and W76S mutations, which should increase hydrophilicity at this pore locus while considerably shortening the side chain. In marked contrast to the restoration of channel function by V102A, the addition of W76A/S to the 3S mutant did not restore channel function in STIM1-coexpressing cells ([Fig. S3, B--D](#figS3){ref-type="fig"}). Molecular simulations indicate that the W76A mutation (W148A in dOrai) did not appreciably alter the hydration at the outer hydrophobic gate or alter the pore radius at this location even though hydration and pore radius were increased locally around residue 76 ([Fig. S3, G and I](#figS3){ref-type="fig"}). In addition, unlike mutations of V102 or F99, the single mutants (W76A/S) were not constitutively active in the absence of STIM1. These observations indicate that although the removal of the basic residues diminishes hydration at both ends of the pore, only the hydration of the outer hydrophobic gate is functionally linked to channel opening. We conclude that the LOF phenotype of the 3S mutation is caused by an increase in the hydrophobic barrier in the outer pore and not by blockade of ion conduction by W76 at the cytoplasmic end of the pore.

The human mutation R91W dehydrates the pore and stabilizes closure of the hydrophobic gate {#s19}
------------------------------------------------------------------------------------------

Within the cluster of basic residues of the inner pore, the role of R91 is of particular importance because a human mutation, R91W, abolishes Orai1 channel function, leading to a devastating immunodeficiency and death ([@bib13]; [@bib14]). Previous studies have suggested that introduction of the bulky Trp at this position interferes with ion conduction due to steric occlusion of the inner pore ([@bib5]; [@bib32]; [@bib52]). However, our observations indicating that inner pore basic residues evoke long-range effects on the configuration of the channel gate raise the possibility that in addition to these steric effects, pore closure may also be mediated by dehydration of the outer hydrophobic gate. To address this hypothesis, we performed MD simulations of the K163W mutant (corresponding to R91 in hOrai1; [Fig. 7](#fig7){ref-type="fig"}). This analysis revealed that K163W evokes several significant alterations in the pore that effectively stabilize the closed channel state. In particular, K163W showed a much lower extent of pore helix rotation compared with WT ([Fig. 7 F](#fig7){ref-type="fig"}). This decrease in rotation/twisting was accompanied by significant narrowing (∼1.5 Å) of the pore radius at the F171 channel gate ([Fig. 7, E and G](#fig7){ref-type="fig"}) and substantial decrease in pore hydration, especially in the hydrophobic region ([Fig. 7, C and G](#fig7){ref-type="fig"}). These results indicate that K163W produces significant de-wetting of the pore, especially in and around the hydrophobic gate, and locks the channel in the closed state. Further, adding the V174A mutation to K163W significantly restored pore hydration at the hydrophobic gate ([Fig. 7 C](#fig7){ref-type="fig"}) and the amplitude of the counterclockwise fluctuations of the pore helix ([Fig. 7 F](#fig7){ref-type="fig"}) to levels comparable to WT dOrai channels. Thus, these simulations predicted that introduction of V102A to R91W should rescue channel activity. Accordingly, electrophysiological analysis indicated that disrupting the hydrophobic gate with the V102A mutation markedly restored activation of R91W Orai1 by STIM1 ([Fig. 8](#fig8){ref-type="fig"}). R91W/V102A-expressing cells showed relatively large currents of 16 ± 3 pA/pF compared with 0.3 ± 0.1 pA/pF in the single R91W mutant. Interestingly, in contrast to WT Orai1 channels or the single V102A mutant channels, these R91W/V102A currents were nonselective with a V*~rev~* of ∼0 mV ([Fig. 8 A](#fig8){ref-type="fig"}). This feature is similar to the loss of Ca^2+^ selectivity in the STIM1-activated 2S/3S mutants ([Fig. 4 B](#fig4){ref-type="fig"}) and indicates that R91W blocks a STIM1-mediated conformational change at the selectivity filter (E106) that confers high Ca^2+^ selectivity. We conclude that the R91W mutation dewets the pore at the hydrophobic gate and that this effect contributes to the LOF phenotype and immunodeficiency associated with this human mutation.

![**K163W (R91W in hOrai1) decreases pore hydration and stabilizes closure of the hydrophobic gate. (A)** Top: Molecular renderings of snapshots from MD simulations of WT (gray) and K163W (purple) as viewed from the top. Bottom: Pairs of diagonal subunits viewed from the side. Na^+^ and Cl^−^ are depicted as red and cyan spheres, respectively. **(B)** Probability distributions of Cα atoms for pore-lining residues along the pore axis (z), averaged over all subunits for all simulation repeats. **(C)** Relative probability distribution of water oxygen atoms. **(D)** Na^+^, and Cl^−^ ions along the pore axis (z), normalized with respect to bulk water. **(E)** Average pore radius computed using HOLE (*R*). **(F)** Probability distribution of the radial angle of residue 171 (*α*), defined as the angle between the pore axis, the center of mass of the two helical turns centered at residue 171, and the Cα atom of residue 171. The mean and standard error of mean of these distributions across all simulation repeats in degrees is 48 ± 1° for WT, 38 ± 2° for K163W, and 42 ± 1° for K163W/V174A. **(G)** The mean pore radius at position F171 (*r*, axial position ∼19 Å) and the number of water molecules in the hydrophobic stretch (*N*~wat~, axial positions 10--25 Å).](JGP_201912397_Fig7){#fig7}

![**Addition of V102A to the R91W rescues channel activation by STIM1 in this mutant. (A and B)** Example traces and mean current densities of Orai1 currents (R91W or R91W/V102A Orai1) in the presence of STIM1. The insets show I--Vs obtained at the time points indicated by the arrowheads. Values are mean ± SEM (*n* = 6; \*, P \< 0.05, Student's *t* test).](JGP_201912397_Fig8){#fig8}

Discussion {#s20}
==========

Ever since the discovery that the inner pore of the Orai channels harbors a hub of positive charges in the ion conduction pathway, the role of these charges has been the topic of much debate. It has been widely postulated that these positive charges present an electrostatic energy barrier for cation conduction and function as a channel gate to regulate the closed--open transition. However, here we show that the positive charges are essential for ion conduction through the pore and likely play an entirely different role by promoting hydration/wetting of the hydrophobic gate to stabilize channel opening. These findings modify the prevailing views on Orai1 gating and reveal an intriguing molecular design of Orai1 that facilitates channel activation.

The notion that the basic residues may form an inner pore gate came from early observations indicating that R91 residues are in close enough proximity that Cys substitutions of these residues can be cross-linked by diamide to block ion conduction ([@bib52]). These observations were further supported by the finding that cross-linking of R91C is reduced in the presence of STIM1. However, it is worth noting that intersubunit cross-linking of R91C is not unique to R91 but is also seen at many other non--gate-forming pore residues, including E106, L95, and in the outer pore at D110, D112, and Q108 ([@bib32]; [@bib54]). Moreover, blockade of ion conduction by the R91W substitution, which was also interpreted in support of a gating role for R91, is not unique to the position but seen at all pore-lining TM1 residues ([Fig. 1 D](#fig1){ref-type="fig"}). In a variation of the above model, another study suggested that the basic residues may contribute to blocking of ion conduction in the closed state by coordinating an anion plug ([@bib20]). Both models predict that structural rearrangement of the inner pore gate (or loss of the anion plug) should destabilize the closed channel state to promote channel opening. However, as first reported by [@bib21], we find that mutations at R91 and the other basic residues do not elicit spontaneous pore opening ([Fig. 1 B](#fig1){ref-type="fig"}). These findings indicate that removal of the basic residues in the inner pore and ensuing release of Cl^−^ ions do not destabilize the resting, closed state of Orai1.

On the contrary, neutralizing the basic residues eliminates pore opening in a charge-dependent manner ([Figs. 2](#fig2){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [6](#fig6){ref-type="fig"}), indicating that the positively charged residues are essential for ionic conduction. We find that the basic residues contribute to pore hydration, especially in and around the hydrophobic stretch ([Figs. 3](#fig3){ref-type="fig"} and [7](#fig7){ref-type="fig"}), and as such, promote the opening of the hydrophobic gate. Several lines of evidence support this analysis. First, MD simulations show that loss of the basic residues (even just two of the three charges per protomer) dramatically dehydrates the upper pore, especially around the hydrophobic gate region ([Fig. 3 C](#fig3){ref-type="fig"}). Second, in the 3S/2S mutants, dewetting of the upper pore is accompanied by reorientation of the F99 residues such that they are stabilized in close proximity to each other in a closed pore configuration ([Fig. 3, A and F](#fig3){ref-type="fig"}). Third, the V102A mutation rescues both pore hydration and channel function in the 3S/2S mutants ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}) as well as in the immunodeficiency-associated R91W mutation ([Figs. 7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}), indicating that the dewetting imposed by the loss of the basic residues can be reversed by lowering pore hydrophobicity. The conspicuous rescue of channel function and pore hydration by the V102A mutation reaffirms the critical importance of the hydrophobic gate for channel opening.

A recent simulation study of the human Orai1 channel reported striking enhancement of interactions between R91 and S90 of neighboring subunits in GOF H134A mutant channels, which led the authors to conclude that opening of an R91 gate is mediated by twisting of the side chain via hydrogen bond interactions with S90 ([@bib16]). However, in our simulations of the dOrai channels, we did not observe interactions between K163 (hOrai1 R91) and S162 (hOrai1 S90) of the neighboring subunit, nor did we see K163 adopting different conformations in the activating H206S/C (hOrai1 H134S/C) variants. Specifically, in our analysis of the previously described, constitutively active H206S mutant, K163-S162 hydrogen bonds were seen in \<1% of the frames, a value that we believe is too low to mediate a role in pore opening. Somewhat surprisingly, [@bib16] also did not observe the spontaneous thermal pore helix rotations/twisting motions at F99 in their MD simulations, in contrast to our studies ([@bib49]; [@bib51]). These differences may result from divergent computational modeling methodologies, including the choice of force field, homology modeling of the human Orai1 channel, presence of counterions and excess salt (not reported in [@bib16]), introduction of bound cholesterol molecules in [@bib16], and extent of sampling. However, the lack of noticeable K163-S162 interactions in our simulations is consistent with experimental findings indicating that mutations of R91 or S90 that would be expected to disrupt a putative S90-R91 interaction do not impede STIM1-mediated channel gating ([Fig. 1 E](#fig1){ref-type="fig"}). We note that two other simulation studies have also reported discrete rotations of the pore helix at F99 with concomitant increase in pore hydration in the constitutively open H134C/A and, to a lower extent, in WT Orai1 channels ([@bib3]; [@bib9]). Moreover, the finding that F99 is displaced away from the pore is supported by the differential accessibility of thiol reagents to F99C in STIM1-bound and STIM1-free Orai1 channels ([@bib49]). Thus, more studies are needed to address the origin and significance of the differences between the various simulation studies.

Two recent publications have reported structures of the "open" gain-of-function dOrai H206A and P288L mutants ([@bib21]; [@bib30]). Both structures showed very large (\>10 Å) dilations of the inner pore helices (relative to the presumably closed dOrai structure, PDB accession no. [4HKR](4HKR)), which was interpreted in terms of release of a putative anion plug that blocks ion conduction in the closed channels. However, this interpretation is not consistent with observations that the functional activity of Orai1 channels is inversely correlated with the presence of inner pore Cl^−^ ions, with mutations that reduce Cl^−^ occupancy decreasing channel activation ([Figs. 2](#fig2){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [6](#fig6){ref-type="fig"}). Further, at the low resolution of these structures, neither shifts in the position of amino acids side chains nor modest alterations in the main chain (such as small helical rotations) could be discerned. Thus, the precise roles of inner pore dilation and the conformational changes in the upper pore underlying pore opening await higher-resolution Orai structures.

Although the precise physio-chemical factors by which the basic residues promote pore hydration need to be determined, we speculate that this mechanism may be rationalized in terms of the Hofmeister effect, wherein salts regulate hydration of protein surfaces ([@bib27]; [@bib24]). Our data show that loss of basic residues eliminates anion occupancy of the inner pore as well as gating ([Figs. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Thus, pore hydration and pore opening may be regulated by changes in the local ionic strength, and more specifically, by the anion concentration in the inner pore. We favor the possibility that modulation of pore hydration results from a "salting-in" effect, in which salts at low to moderate doses increase protein solubility by reducing hydrophobic interactions between protein surfaces ([@bib27]; [@bib24]; [@bib40]). Thus, in this scenario, removal of the basic residues would minimize the local ionic strength to dehydrate protein surfaces, resulting in greater aggregation of hydrophobic pore surfaces and pore closure.

Regardless of the precise mechanism, from a functional standpoint, the finding that the inner pore basic residues promote pore opening by increasing hydration at the channel gate may have important implications for CRAC channel gating. Past work has shown that the CRAC channel activation process is exquisitely cooperative, resulting in the recruitment of silent channels into a high open probability (P~o~) state (P~o~ ∼0.7) following store depletion or during potentiation induced by the small molecule 2-amino diphenylborate ([@bib44]; [@bib25]; [@bib48]; [@bib36]; [@bib50]). The molecular basis of how the channel is stabilized in the high P~o~ state is largely unknown. Hydration of the pore by the inner pore basic residues could represent a key physical mechanism for opening and maintaining the pore in a high P~o~ state. Given that CRAC channels have an extremely low unitary conductance (\<1 pS), this role of the inner pore residues in promoting pore opening may be critical for maintaining Ca^2+^ influx at sufficient levels needed to effectively drive cellular functions. The devastating immunodeficiency resulting from the loss of Orai1 gating in the R91W mutation highlights the importance of this gating role for human health.
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